In this work, we demonstrate broad electrical tuning of quantum cascade lasers at 9.25 lm, 8.5 lm, and 4.4 lm in continuous wave operation using Vernier-effect distributed Bragg reflectors based on superstructure gratings. Integrated micro-heaters allow to switch from one Vernier channel to the other, while predictable and mode-hop free tuning can be obtained in each channel modulating the laser current with a side mode suppression ratio as high as 30 dB. The resulting device behaves effectively as a switchable multicolour tunable source. Tuning up to 6.5% of the central wavelength is observed. To prove the importance of the developed devices for high resolution molecular spectroscopy, a N 2 O absorption spectrum has been measured. 1 have become a crucial technology to build sensitive and robust laser-based sensing platforms. Currently, most sensing techniques are based upon the use of distributed feedback (DFB) lasers, 2 which provide stable monomode emission and are advantageous for a number of spectroscopic applications. Nevertheless, the frequency tuning range available for these devices is limited to a small fraction of the central wavelength, typically 0.2-0.3%. The latter limitation is mainly determined by the refractive index tuning obtainable modifying the laser temperature and current injection. In fact, the gain of a typical QCL is much broader and can easily reach more than 5% of the central wavelength. A well established solution to obtain broad tuning ranges from these devices is to use an external grating providing optical feedback to the cavity. 3, 4 An alternative monolithic solution with no mechanical part could be profitable in terms of price, linewidth, and robustness. An approach is to build an array of DFB lasers, either in the edge 5 or surface 6,7 emitting configurations. Nevertheless, due to the large number of separate output beams, the optical coupling of the system is a major limitation. An additional approach is to integrate inside the laser ridge sampled gratings distributed Bragg reflectors (DBRs) and tune the emission wavelength using Vernier effect. 8 This approach was applied to QCL structures, [9] [10] [11] [12] leading to tuning ranges of up to 2.5% of the wavelength in continuous wave (CW) 9 and 11% in pulsed operation.
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Coherent sources in the mid-IR are of great interest due to a growing number of industrial applications in this spectral range. Compact and efficient, quantum cascade lasers (QCLs) 1 have become a crucial technology to build sensitive and robust laser-based sensing platforms. Currently, most sensing techniques are based upon the use of distributed feedback (DFB) lasers, 2 which provide stable monomode emission and are advantageous for a number of spectroscopic applications. Nevertheless, the frequency tuning range available for these devices is limited to a small fraction of the central wavelength, typically 0.2-0.3%. The latter limitation is mainly determined by the refractive index tuning obtainable modifying the laser temperature and current injection. In fact, the gain of a typical QCL is much broader and can easily reach more than 5% of the central wavelength. A well established solution to obtain broad tuning ranges from these devices is to use an external grating providing optical feedback to the cavity. 3, 4 An alternative monolithic solution with no mechanical part could be profitable in terms of price, linewidth, and robustness. An approach is to build an array of DFB lasers, either in the edge 5 or surface 6,7 emitting configurations. Nevertheless, due to the large number of separate output beams, the optical coupling of the system is a major limitation. An additional approach is to integrate inside the laser ridge sampled gratings distributed Bragg reflectors (DBRs) and tune the emission wavelength using Vernier effect. 8 This approach was applied to QCL structures, [9] [10] [11] [12] leading to tuning ranges of up to 2.5% of the wavelength in continuous wave (CW) 9 and 11% in pulsed operation.
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These devices provide an elegant solution yielding a monolithic and tunable source emitting in a single beam. However, in these devices, the optical cavity is divided in multiple sections. In order to obtain mode-hop free tuning, the phase and therefore at least three currents need to be adjusted at each tuning step, 13 which typically results in a long testing time.
In this work, we introduce Vernier Effect based DBR QCLs where a unique electrical contact is used for the current injection of the laser, as shown schematically in Fig. 1 . Two additional electrodes allow to modify the temperature of the back or front DBRs using integrated heaters.
14 Heaters are semiconductor resistors buried close to the active region. The fabrication process of the buried QCL has therefore been modified. A n-doped InP layer was regrown on the top of the cladding and InP:Fe insulating layers. A resistive path was then defined by partially etching this layer close to the laser ridge. These integrated heaters allow to hop from one Vernier channel to the other. A channel is found when the two conditions that the two comb lines overlap and that the total round trip phase / tot is a multiple of 2p are fulfilled. Once a channel is selected, predictable and mode-hop free tuning can be obtained in each Vernier channel by modulating the laser current as is done in a conventional DFB QCL. As / tot is constant, while modulating the current into the laser pad, it is not needed to adjust the phase. The resulting device behaves effectively as a switchable multicolour electrically tunable DFB source.
In order to obtain an extended tuning range in Verniereffect lasers, DBRs with a comb like reflectivity spectrum need to be used as mirrors. Early devices used sampled gratings 8 for this purpose. Unfortunately, in this case, the threshold gain of the different Vernier channels is strongly wavelength dependent. This limits the available tuning range. Many methods have been proposed in order to flatten the threshold gain for the different channels. For example, linearly chirped gratings, in which the period is continuously changed across the superperiod, 15 or phased gratings, in which the period is kept constant but a number of phase shifts of optimized spacing are introduced to achieve a flat top envelop. 16 Unfortunately, the fabrication of linearly chirped gratings requires the grating period to be changed with a resolution that is much above the one available through electron beam lithography. In this research, we propose a method based on pulse width modulation applied to the grating period (DBR-PWM) in order to chirp the periodicity of the grating (blue line in Fig. 2 ). This method has many analogies to chirped superlattices and allows to have a grating period minimal step of d res ¼ 20 nm compatible with electron beam writing used for lithography mask fabrication. In addition, using a careful process optimization, the grating is transferred to the sample using standard deep-UV lithography. This is an important advantage for the industrial fabrication of these devices. As shows Fig. 2 , the grating sequence is divided in a number of segments for which the average period follows a linear chirp (black dots). The actual period is shown with a blue line. The technical details on how the DBR-PWM sequence can be computed have been added to the manuscript as supplementary material. 17 The resulting reflectivity spectrum is shown in the inset. It can be seen that the introduction of the DBR-PWM allows to obtain a flat top reflectivity.
Using the method described above, we demonstrate broad discontinuous tuning in the first and second atmospheric windows. The devices have been fabricated in a buried-heterostructure configuration and an integrated heater is placed along the ridge 3 lm away from the active region. Device AL92 was designed to emit at 9.25 lm. The grating was designed to support 8 supermodes (gratings specifications are reported in the supplementary material 17 ). The spacing between the supermodes is d FM ¼ 9.35 cm À1 for the front DBR and is d BM ¼ 10.25 cm À1 for the back DBR. The device was processed as a 4.5 mm long and 9.7 lm wide ridge. The laser facets were left uncoated. The resistance of the integrated heaters is 33 X. The tuning obtained is displayed in Fig. 3(a) . Discontinuous tuning over 65 cm À1 is obtained from 1043 cm À1 to 1108 cm À1 . This corresponds to 6.5% of the central wavelength, which is the widest relative tuning obtained in CW from a monolithic QCL to date. Side mode suppression ratio (SMSR) is higher than 20 dB. The heat sink temperature was set to 0 C and the laser current to 0.8 A during these measurements. The higher energy channels are obtained increasing the front mirror heater current (I FM ) from 0 to 0.35 A while keeping the back mirror heater unpumped (I BM ¼ 0); channels with lower energy where instead obtained increasing I BM up to 0.51 A while keeping I FM ¼ 0. The very same strategy was applied to device AL44 emitting at 4.4 lm. The grating 17 Fig. 3(b) . The heat sink temperature was set to 20 C during these measurements and laser current to 0.48 A. For the channels centered at $2210 cm À1 and $2230 cm
À1
laser current had to be modified to I l ¼ 0.6 A and I l ¼ 0.44 A. These two channels are unstable for the laser current used for the other channels, i.e., 0.48 A. In addition, the tenth channel is also missing around 2320 cm À1 . These instabilities could be caused by the limited modal selectivity at the borders due to the large number of supermodes. A solution would be to deposit anti-reflection coatings on the laser's facets. 12 For the spectroscopy of molecules with broad absorption lines, in which resolution is not critical, discontinuous tuning can be used. For gas sensing, in which the resonances of interest are extremely narrow, a high resolution is needed. An excellent modal selectivity and spectral stability are therefore required to guarantee mode-hop free tuning of the lasing frequency. Since the modal selectivity of a Vernier is inversely proportional to the number of channels, 8 we designed also devices with only 4 channels. We present a device emitting at 9.25 lm with a quasi continuous tuning of nearly 2% of the central wavelength. Device AL922 was processed as a 4.5 mm long and 10.7 lm wide ridge and the laser facets were left uncoated. The resistance of the integrated heaters is 23 X. . The simulated (a) and measured (b) mode maps of device AL922 are shown in Fig. 4 where the lasing frequency is shown as a function of the driving parameters. On the horizontal axis, the electrical power pumped in the back (P BM ) or front (P FM ) (negative values) heaters is shown, while the laser current (I l ) is indicated by the dots color scale. The simulation shows that if the temperature is changed homogeneously in the device the laser tunes with no mode-hops. This is experimentally verified. Quasi-continuous tuning over 20 cm À1 is obtained from 1067 to 1087 cm
. The slight mismatch between both maps is due to random phases added by the uncontrollable end facet cleaves. 8 This shows that a good predictability of the spectral coverage is possible in order to target desirable absorption lines as is the case for a standard DFB QCL. The mode map is simulated using the scattering matrix formalism taking into account inhomogeneous refractive indices due to the inhomogeneous temperature of the device in function of the heaters electrical power. The modes are identified to the singularities of the scattering matrix in the cold cavity approximation. The mode with the lowest threshold losses determines the lasing frequency. An attractive feature of the fabricated devices is therefore that, in each of the channels, the emission as a function of the laser current behaves as the one of a standard DFB QCL. To demonstrate that these devices are particularly suited for high resolution spectroscopy, we decided to measure the absorption spectrum of N 2 O on a wide spectral range with a resolution as high as 5 Â 10 À3 cm
. For this purpose, we designed a device, analogous to the device AL922 presented in Fig. 4 , to emit at 8.5 lm. The device was processed as a 6 mm long and 9.7 lm wide ridge. The laser facets were left uncoated. The resistance of the integrated heaters is 18 X. As for the device AL922, the grating was designed to support 4 supermodes, the light-voltage-current characteristics for the different channels are presented in Fig. 5(a) , and output power reaches up to 120 mW in CW. For the N 2 O absorption measurements, the laser current is modulated between lasing threshold, i.e., 0.4 A, and 1.2 A at 100 Hz. The heater currents are fixed successively to reach the 4 channels. The absorption of a 10 cm long gas tube at 0.02 atm is compared to a Hitran simulation 18 in Figs. 5(b) and 5(c). To conclude, we have demonstrated quasi-continuous tuning of Vernier QCLs in CW operation using superstructure gratings and integrated heaters as well as its application to high resolution spectroscopy. These results show the strong potential of all electrical tuning of QCLs for broadband multi-species gas sensing even though for broadrange devices the quasi-continuous tuning range is still limited. The application of the presented strategy to a multi-stack broad gain active medium, further optimization of the DBRs reflectivity spectra 11 and the use of anti-reflection coatings 12 should allow to increase furthermore the tuning capability and stability.
